Luteolin is a flavonoid which is part of our daily nutrition in relatively low amounts (less than 1 mg/day). Nevertheless, some epidemiological studies suggest an inverse correlation between luteolin intake and the risk of some cancer types. Luteolin displays specific anti-inflammatory and anti-carcinogenic effects, which can only partly be explained by its anti-oxidant and free radical scavenging capacities. Luteolin can delay or block the development of cancer cells in vitro and in vivo by protection from carcinogenic stimuli, by inhibition of tumor cell proliferation, by induction of cell cycle arrest and by induction of apoptosis via intrinsic and extrinsic signaling pathways. When compared to other flavonoids, luteolin was usually among the most effective ones, inhibiting tumor cell proliferation with IC 50 values between 3 and 50 µM in vitro and in vivo by 5 to 10 mg/kg i.p., intragastric application of 0.1-0.3 mg/kg/d, or as food additive in concentrations of 50 to 200 ppm. Luteolin has been shown to penetrate into human skin, making it also a candidate for the prevention and treatment of skin cancer.
Introduction
There is good evidence suggesting that flavonoids contribute to the cancer-protective effect of fruits and vegetable food [1] . Flavonoids as free radical scavengers protect organisms from carcinogenic reactive oxygen species (ROS) and other radicals. Flavonoids are known to display anti-inflammatory capacities, an important feature because inflammatory processes are involved in cancer development, especially when they are long-lasting or excessive and destroy epithelial barriers. However, the differential analysis of the various flavonoids' specific roles and potentials is just beginning.
While quercetin has been studied most intensively among the flavonoids during the last decades, recent research has provided a plethora of anti-oxidant, immunological, and anti-carcinogenic mechanisms which suggest luteolin might be a valuable compound in anti-cancer strategies. Luteolin is a flavone contained in many medical herbs and in vegetables (e.g. parsley, artichoke, celery, green pepper, and perilla leaf). Luteolin concentrations in food are generally low compared to some of the flavonols like quercetin or kaempferol, but high amounts are found e.g. in peanut hulls and in Reseda luteola L., the Dyer's weld, and may be made available at low costs.
As other flavonoids, luteolin is most often found in plant materials in the form of glycosides, which are eventually metabolized by intestinal bacteria, cleaved and glucuronated during uptake in the gut and metabolized in the organism. Thus, in vitro investigations with pure luteolin or its naturally occurring glycosides have to be interpreted with care.
The present paper gives an account of cancer-related pharmacological and epidemiological data for luteolin and compares it to other flavonoids. Literature search was initiated by the end of February 2008 using "Luteolin" as a key-word in the PubMed database, yielding 1,085 results, and in Medline, with 1,077 citations. Restriction to title search in Medline gave 163 results, and 192 were obtained from PubMed under restriction to the toxicology section. Both lists were checked for relevant literature. Additionally, "related articles" proposed by PubMed for the selected citations were systematically searched.
Flavonoids: some functionally relevant aspects of molecular structure
Flavonoids are characterized by a molecular frame of two phenyl rings linked by a three carbon chain, making them good electron donators or acceptors. Their anti-oxidant capacity depends on this framework, the number and pattern of substitutions (primarily with hydroxyl groups), their ability to chelate with metal ions, and on their specific environment. Anti-oxidant properties of a specific substance are complex, and relative efficacies of two substances can vary in different test assays [2] ; [3] . A more comprehensive review of luteolin as an anti-oxidant, radical-scavenging and antiinflammatory agent is published separately in a related paper [4] . Briefly, the ortho-dihydroxy structure in the B-ring and the 2,3-double bond in conjugation with the 4-oxo function of the C-ring provides a good, but not excellently high anti-oxidant capacity of luteolin. In cell-free tests, luteolin is usually inferior to quercetin which has an additional hydroxyl substitution in position 3 (see Figure 1 for terminology). However, it is more lipophilic and may perform better in test systems with biological molecules or membranes. Luteolin can form chelates with metal ions, but is again less active in this respect than quercetin [5] . However, it is not oxidized during the chelation process. This may explain why luteolin does not undergo redox cycling as do quercetin and other flavonols, a process increasing their potential to act as pro-oxidants with possible deleterious effects. Nevertheless, although structure activity relationship studies are a helpful tool to predict biological activities, experiments have to be carried out under physiological conditions for a final proof.
In plants, many flavonoids are found in the form of glycosides but they are cleaved to their aglycones in the intestinal mucosa, and the aglycones are degraded or glucuronated by UDPglucuronosyl transferases before release into blood serum [6] Wittemer et al. [7] investigated pharmacokinetics of aqueous artichoke extracts containing luteolin-7-O-glucoside in humans. Neither luteolin nor its glucosides were found in urine or plasma, but only their phase II-conjugates.
Anti-oxidant properties are to a large extent attributable to hydroxylation in positions 3' and 4'; it is there, where flavonoids are preferentially glucuronidized during resorption in the gut [8] . This might reduce the flavonoids' anti-oxidant potential. However, several human tissues and cell lines, e.g., neutrophile granulocytes and CaCo-2 cells, are able to cleave luteolin glucuronides, and increase their activity when stimulated by pro-inflammatory substances [9] .
In vivo skin penetration studies of the flavones apigenin, luteolin, and apigenin-7-O-β-glucoside with human volunteers showed that except of the glucoside they were not only adsorbed at skin surface, but penetrated into deeper skin layers. This is important for their topical use as antiphlogistic agents in dermatology [10] . 
Pharmacological Effects
Anti-cancer-strategies include protection of tissue from carcinogenic stimuli, suppression of procarcinogenic regulatory mechanisms and cell proliferation, modulation of intercell communication signals, destruction or removal of tumor cells, and induction of apoptosis. In solid tumors, a further strategy is to inhibit growth of blood vessels which supply and promote the tumor. Luteolin, like a number of other flavonoids and polyphenols [11] displays a variety of pharmacological effects in vitro and in vivo which may contribute to anti-carcinogenic activity provided that effective concentration levels are reached at the target sites under realistic conditions. Since bioavailability of flavonoids is a critical matter and needs more quantitative investigations, special attention is paid to effective concentrations in this review. Table 1 gives an account of the anti-carcinogenic effects and mechanisms reported for luteolin. 
Inhibition of tumor cell proliferation

In vitro
Fotsis et al. [12] reported that certain flavonoids are potent inhibitors of various human normal (fibroblasts HFK2, keratinocytes HaCaT) and cancer (breast cancer MCF-7, neuroblastoma-derived SHEP and WAC2) cell lines in the low micromolar range. Luteolin was effective in all cell lines and was among the most potent inhibitors (IC 50 concentrations between 1.1 µM and 7.6 µM) together with hydroxyflavone, 3',4'-dihydroxyflavone, 2',3'-dihydroxyflavone, fisetin, and apigenin. These flavonoids also effectively inhibited basic fibroblast growth factor (bFGF) stimulated growth of BBCE endothelial cells (luteolin: IC 50 = 1.9 µM), and bFGF or vascular endothelial growth factor (VEGF) induced in vitro angiogenesis of cells bovine microvascular endothelial (BME) cells. Thus, luteolin and some other flavonoids might be able to stop the development of solid tumors by suppressing angiogenesis. This, of course, has to be confirmed by in vivo studies with adequate concentrations.
Kawaii et al. [13] tested 27 flavonoids from Citrus species for antiproliferative activity on several cancer and normal human cell lines, using an assay with Alamar Blue, an oxidation-reduction indicator. All flavonoids displayed antiproliferative effects in normal human cell lines at about 40 µM, but only a few were effective at lower concentrations in cancer cell lines. Luteolin was the strongest inhibitor with IC 50 of 3.1 µM in A 549 human lung carcinoma cells, 2.3 µM in mouse B16 melanoma 4A5 cells, 2.0 µM in human T-cell leukemia cells CCRF-HSB-2, and 1.3 µM in human gastric cancer TGBC11TKB cells. Only natsuidaidain was similarly effective, followed by quercetin and tangeritin.
Luteolin and 4,4'-dihydrochalcone were the strongest inhibitors of human leukemic CEM-1 and CEM-C7 cell proliferation among seven dietary substances selected. Incubation with 30 µM of either compound for 24 h resulted in complete ATP depletion and inhibition of glucose uptake [14] . These results are confirmed by experiments on leukemic lymphocytes (P 388 from mouse) where luteolin had the lowest IC 50 value (1µM) of all flavonoids tested [15] .
Cherng et al. [16] determined the inhibitory effect of 10 minor dietary constituents (e.g. baicalein, linalool, caffeic acid, ferulic acid) on proliferation in human cancer cell lines from 10 different organs, and in normal leucocytes. Luteolin was effective in all 10 cancer types, with lowest IC 50 for carcinoma of the stomach (25 µM), cervix (27 µM), lung (41 µM) and bladder (68 µM). Baicalein had a narrower spectrum, but was partly more specific (ratio of inhibitory concentration in cancer to normal cells). Most other compounds were ineffective, but linalool, a monoterpene, had a low IC 50 of 1 µM and extremely high specificity in cervix cancer cells.
Takahashi et al. [17] found luteolin and apigenin to strongly inhibit growth of HL60 human leukemia cells and to induce morphological differentiation into granulocytes, while quercetin, naringenin, galangin and kaempferol also caused inhibition but not morphological differentiation. Growth-inhibition by luteolin was seen at about 50 µM and above, differentiation at 100 µM. Ko et al. [18] determined for luteolin an IC 50 of 15 µM for inhibition of proliferation in HL60 cells. Chang et al. [19] tested 23 different flavonoids in HL60 cells, and found luteolin to be second-best with an IC 50 of 12.5 µM, inferior to 3,6-dihdroxyflavone only (8.8 µM). Other flavonoids, however, were also fairly effective. Luteolin (IC 50 : 19 µM) was the strongest inhibitor of 8 selected flavonoids on human A431 squamous cell cancer cells, closely followed by quercetin (21 µM) [20] . In lung carcinoma cells, Kim et al. [21] found inhibition of proliferation with IC 50 = 12 µM.
Knowles et al. [22] compared the effects of selected bioflavonoids on the proliferation of androgenindependent human prostatic cancer cells (PC-3). Complete growth retardation was observed in PC-3 cells treated with 100 µM quercetin, kaempferol, and luteolin, while isomolar concentrations of genistein, apigenin, and myricetin suppressed PC-3 proliferation by 73%, 70%, and 59%, respectively (p < 0.05). Naringenin and rutin were not as effective and inhibited growth by < 25%. Apoptosis was not evident, even when concentrations of quercetin or kaempferol were raised to 100 µM. A block in G2/M phase progression was observed and seemed to contribute significantly to the antiproliferative effect. Lim et al. [23] also reported cell cycle arrest in G2/M by downregulation of cyclin B1 expression and of cell division cycle activity and apoptosis in HT-29 human colon cancer cells at concentrations from 20 to 60 µM. Plaumann et al. [24] found tumor growth inhibition and G2/M cell cycle arrest as well as apoptosis induced by 53 µM luteolin to depend on p53 tumor suppressor gene, since p53 knockout fibroblasts were not sensitive to luteolin. Chang et al. [25] observed apoptosis and cell cycle arrest in G0/G1 phase in five human hepatoma cell lines, with IC 50 = 12.5 µM for luteolin in HL60 cells. Cell cycle arrest in S-phase was found in CH27 human lung squamous carcinoma cells with 50 µM luteolin, while anti-oxidant enzymes such as CAT and SOD increased [26] .
Luteolin was also isolated from two Asian plants traditionally used as anticancer medicines, Epimedium koreaonum, and Terminalia arjuna, and found to inhibit proliferation of MCF-7 (breast cancer) and HepG2 (liver cancer) cells in a dose-dependent manner [27] ; [28] .
Human lung squamous carcinoma CH27 cells underwent apoptosis upon stimulation with 50 µM luteolin. An increase of anti-oxidant enzymes as CAT and SOD as observed, but not the production of reactive oxygen species and disruption of mitochondrial membrane potential. Therefore, the effects of luteolin on CH27 cell apoptosis were suspected to result from the antioxidant rather than the prooxidant action of luteolin [29] . Luteolin inhibits DNA-synthesis induced by thrombocyte growth factor in mesangial cells from mouse kidney and thereby stops proliferation. The IC 50 values were 1.5 μM for luteolin, 1.8 μM for rosmarinic acid, and 6.1 μM for luteolin-7-O-glucoside [30] . Luteolin was one of the most effective of 29 flavonoids tested for cytotoxicity in HeLa cells (uterine cancer) [31] . In the microculture tetrazolium (MTT) assay, luteolin displayed strong cytotoxic activity in human cancer cell lines. Upon continuous incubation, luteolin inhibited growth of GLC4 (lung cancer) cells with IC 50 of 40.9 µM and COLO 320 (colon cancer) cells with IC 50 of 32.5 µM. Luteolin-7-O-glucoside (cynaroside) and some other flavones gave similarly results, whereas flavonols were less effective. However, the reference substance cisplatin and the arnica-derived sesquiterpene lactone helenalin displayed cytotoxicity at concentrations of about 1 µM and below [32] .
Despite all these promising results it has to be considered that cell lines have been used avoiding any biotransformation. Therefore, final conclusion can only be drawn from in vivo studies.
In vivo
Growth of Lewis lung cancer cells implanted on the flank of mice was inhibited by 40% with 2 mg/kg luteolin and by 60% with 10 mg/kg [21] . Luteolin (5 to 50 mg/kg b.w. i.p.) inhibited tumor growth in nude mice with xenografted SKOV3.ip1 (human ovarian cancer cell line) induced tumors [33] . Selvendiran et al. [34] supplied nude mice with xenografted HAK-1B hepatoma tumors with food containing 50 or 200 ppm luteolin, resulting in a highly significant, dose-dependent reduction of mean tumor volume from about 1200 mm 3 to 300 mm 3 .
Several in vivo investigations demonstrated suppression of tumor in prostate cancer, e.g. in immunodeficient SCID mice with androgen-sensitive human prostate adenocarcinoma LNCaP cells xenograft tumor growth. Male mice receiving 25 to 50 mg/kg luteolin i.p. daily had significantly reduced serum PSA levels and only 25 to 50 % of the tumor volumes of controls [35] . Fang et al. [36] determined the effects of luteolin on prostate cancer PC-3 xenograft in nude mice. Tumor weight after 18 days was 180 mg in controls, 125 mg with 5 mg/kg and 110 mg with 10 mg/kg i.p. luteolin (p = 0.011). There was no indication of systemic toxicity to mice as evidenced by normal food intake and body weight. More apoptotic cells were found in tumors treated with luteolin than in those treated with solvent in the Tunnel assay. Manju et al. [37] studied the chemopreventive effect of luteolin on bacterial enzymes in a colon carcinogenesis model induced by dimethylhydrazine (DMH) (20 mg/kg), administered subcutaneously once a week for the first 15 weeks and then discontinued. Colon cancer incidence and the activities of bacterial enzymes β-glucuronidase (in the proximal colon, distal colon, intestines, liver, and colon contents) and mucinase (colon and fecal contents) were significantly increased in DMH-treated rats at the end of 30 weeks. On luteolin administration (0.1, 0.2, or 0.3 mg/kg p.o everyday.), colon cancer incidence, number of tumors per rat and tumor size were reduced by 70 to 90 % both in initiation and post-initiation stages of colon carcinogenesis in a dose-dependent manner; the activities of beta-glucuronidase and mucinase in colon bacteria were significantly decreased. An increase in β-glucuronidase activity may augment the hydrolysis of glucuronide conjugates, liberating toxins, while an increase in the mucinase activity may enhance hydrolysis of protective mucins in the colon. Thus luteolin exerts chemopreventive and anticarcinogenic effects against DMH induced colon cancer. Markaverich et al. [38] demonstrated inhibition of growth by luteolin in normal and in cancerous prostate cells in mice. Prostate weight was reduced by 60% within 2 weeks at a daily dose of 20 mg/kg p.o. without adverse effects on total body weight, seminal vesicles or testes. Proliferation of both LNCaP and PC-3 prostate cancer cell lines was inhibited in vitro in a concentration-dependent manner from about 3 µM to complete inhibition at 30 µM. Growth of PC-3 xenografts to nude mice was significantly delayed by adding 250 µg/mL to the animals' water supply. Blocking of type II [
3 H]-estradiol receptors was found as underlying mechanism. Resident macrophages control metastatic spread of colon carcinoma cells in liver and peritoneal tumor models. However, it was proposed that newly recruited macrophages develop into M2 macrophages which induce tumor progression by stimulating angiogenesis and proliferation, as they are exposed to a microenvironment that favors alternative activation. Monocyte migration was diminished after treatment with rutin and luteolin in an experimental autoimmune encephalomyelitis animal model, and increased tumor development was observed. Immunohistochemical analyses showed that the number of ED2(+) resident macrophages was normal in tumors of animals that received rutin and luteolin treatment. However, the number of ED1(+) cells (marker immature macrophages) was reduced, indicating decreased macrophage recruitment. Thus, inhibition of monocyte migration promotes tumor growth, supporting that not only resident, but also newly recruited macrophages limit peritoneal colon carcinoma metastases development [39] . However, only these special tumor-associated macrophages in a special stroma environment are involved in tumor proliferation, whereas classically activated macrophages have cytotoxic effects and produce inflammatory cytokines that inhibit tumor growth. To define the general effect and mechanism of rutin and luteolin on tumor-associated macrophages more experiments are required. Effects of Perilla leaf extract (PLE) and luteolin, which is regarded as the main active component of PLE, on dimethylbenz-[a]-anthrazene (DMBA) and tissue plasminogen activator (TPA) induced skin papillomas in mice were investigated [40] . Topical application of PLE prior to TPA treatment in DMBA initiated mouse skin resulted in a significant reduction in tumor incidence and multiplicity. An even more potent preventive effect was observed with topical application of 1 µg luteolin in 0.2 ml of acetone per mouse and application. Luteolin reduced the mean number of tumors developing within 2 weeks after induction from 6 to only 1 per mouse. When PLE was dissolved in drinking water at a 0.05% dose and mice ingested it ad libitum, no significant difference was observed in tumor incidence or multiplicity but in tumor volume between the PLE-treated and untreated groups.
Anti-carcinogenic mechanisms
Protection from carcinogenic agents
Like other flavonoids, luteolin can strongly absorb UV light, and derivatives may be used in sun protection products for prevention of skin cancer and early skin ageing [41, 42] .
Protection of DNA from oxidative stress was demonstrated in vitro in the COMET assay [43] [44] [45] [46] [47] and in vivo with gamma-ray irradiated mice [48] .
Luteolin also induces expression of antoxidant enzymes, as shown by Sharma et al. [49] in normal astrocytes. Samy et al. [50] treated female Wistar rats with luteolin (30 mg/kg, p.o.), combined with cyclophosphamide (10 mg/kg, i.p.) (luteolin+CYC) administered for 20 days; and CYC individually for 10 days against DMBA induced mammary carcinogenesis in Wistar rats. CYC alone had the highest potential in reducing tumor number and volumes, but the authors state that long term treatment is toxic to the animals as seen in a strong decrease of body weight. Combination treatment of CYC and luteolin, which has a lower anti-tumor potential, eliminates the toxic effect. Levels and activities of superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx) in liver, kidney and breast were reduced by 50 to 80% in mice with induced breast cancer, but were re-established to normal by the combination treatment. Unfortunately, there are numerous contradictions between text, tables and figures in this paper. Manju et al. [51] observed enhancement of plasma and hepatic antioxidant status (glutathione GSH, pyrogallol peroxidase PPx, glutathione-S-transferase GST, glutathione reductase GR, SOD, CAT, Vitamin C, Vitamin A and β-carotene) in rats with DMH induced colon cancer upon intragastric administration of 0.2 mg/kg luteolin.
Choi et al. [52] screened 27 flavonoids for antimutagenic activity against aflatoxin B1(AFB1) and N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) in Salmonella typhimurium TA100 in the Ames test. In mixed applications of AFB1 (1 µg/plate) with flavonoids (300 µg/plate) in the presence of a mammalian metabolic activation system (S9 mix), chrysin, apigenin, luteolin and its glucoside, kaempferol, fisetin, morin, naringenin, hesperetin, persicogenin, (+)-catechin and (-)-epicatechin reduced mutation rates caused by AFB1 by more than 70%. Anti-mutagenic capacity AFB1 against seemed to depend on free 5-,7-hydroxyl groups, while saturation of the 2,3-double bond or elimination of the 4-keto group did not affect activity. Little or no anti-mutagenic activity against MNNG (0.5 µg/plate) was observed except for flavone.
Taj et al. [53] found chemopreventive activity of quercetin and luteolin against chromosomal alterations of long-term feeding on deep-fried fish and mutton in rat bone marrow cells. Groups of rats were treated with flavonoids through pre-, simultaneous-and post-treatment regimens, and bone marrow was analysed for presence of micronuclei and chromosome aberrations. Pre-treatment was most effective in inhibition of mutagenicity at every dose tested. Luteolin was a better protective agent than quercetin. It suppressed 93% of genetic damage in the micronucleus assay and 95% of chromosome aberrations induced by fish extract (p < 0.001 in both groups). Mutton extract-induced micronuclei and chromosome aberrations were reduced by 85% and 90%, respectively, by luteolin and by 79% and 76%, respectively, by quercetin.
Luteolin in concentrations from 4 to 400 µM inhibited N-acetyltransferase (NAT) in human HL-60 and mouse L 1210 leukemia cells and decreased DNA-2-aminofluorene adduct formation in a noncompetitive, dose-dependent manner with IC 50 of 40 µM [54] in the same way as does paclitaxel [55] .
This was also found in human J5 liver tumor cells [56] , and in human T24 bladder cancer cells with accompanying inhibition of NAT1 mRNA gene expression [57] . Inhibition lasted for 24 -48 h in intact cancer cells.
Inhibition of cell adhesion and invasion
Clinical observations suggest that hepatocyte growth factor HGF (known as scatter factor, SF) and its receptor, the c-Met tyrosine kinase, can promote metastasis of hepatoma cells while stimulating tumor invasiveness. Lee et al. [58] investigated the effect of flavonoids including luteolin, quercetin, baicalein, genistein, taxifolin and catechin on HGF-mediated migration and invasion of HepG2 cells. Luteolin presented the highest potential on anti-migration and anti-invasion determined by Boyden chamber assay with significant inhibition from 5 µM up to complete inhibition at 40 µM. Furthermore, luteolin inhibited HGF-induced cell scattering and cytoskeleton change such as filopodia and lamellipodia. Luteolin suppressed the phosphorylation of c-Met, the membrane receptor of HGF, as well as ERK1/2 and Akt, but not JNK1/2, which is activated by HGF. Luteolin (40 µM) effect on HGF-induced HepG2 cell invasion was stronger than that of 50 µM PD98059, a specific inhibitor of MEK, an upstream kinase regulating ERK1/2, and similar to that of 200 µM wortmannin, a PI-3-K inhibitor.
Lansky et al. [59] tested compounds with known anti-cancer effects from pomegranate fruit (Punica granatum), as potential inhibitors of in vitro invasion of human PC-3 prostate cancer cells in an assay employing Matrigel artificial membranes. Ellagic acid (E), caffeic acid (C), luteolin and punicic acid (P) significantly inhibited invasion when employed individually at a concentration of 4 µg/mL. When C, P, and luteolin were equally combined at the same gross dosage as when the compounds were tested individually, a superadditive inhibition of invasion was observed.
In the human epithelial cell cancer line A431, luteolin (IC 50 = 19 µM) and quercetin (IC 50 = 21 µM) were the most potent of eight flavonoids to inhibit cell proliferation and secretion of matrix metalloproteinases MMP-2 and MMP-9, two gelatinases involved in metastasis. Luteolin reduced activity of MMP2 by 73% and of MMP 9 by 94% [20] .
Topoisomerase inhibition
Luteolin inhibits topoisomerase I and II, thus inhibiting cell replication and DNA repair and promoting cell death of apoptosis. Yamashita et al. [60] demonstrated that this process is differentially affected by specific flavonoids. To clarify the mechanism underlying the carcinogenic effects of quercetin, they compared DNA damage occurring during apoptosis induced by quercetin with that occuring during apoptosis induced by luteolin. Both quercetin and luteolin similarly induced DNA cleavage with subsequent DNA ladder formation, characteristics of apoptosis, in HL-60 cells. In HP 100 cells, an H 2 O 2 -resistant clone of HL-60 cells, the extent of DNA cleavage and DNA ladder formation induced by quercetin was less than that in HL-60 cells, whereas differences between the two cell types were minimal after treatment with luteolin. In addition, quercetin increased the formation of 8-oxodG, an indicator of oxidative DNA damage, in HL-60 cells but not in HP 100 cells. Luteolin did not increase 8-oxodG formation, but inhibited topoisomerase II activity of nuclear extract more strongly than quercetin, and cleaved DNA by forming a luteolin-topo II-DNA ternary complex. These results suggest that quercetin induces H 2 O 2 -mediated DNA damage, resulting in apoptosis or mutations, whereas luteolin induces apoptosis via topoisomerase II-mediated DNA cleavage. Topoisomerase II inhibition was also seen in Chinese hamster ovary cells AA8 by Cantero et al. [61] , at concentrations of 30 -80 µM, where also very high yields of metaphases with diplochromosomes appeared. The authors discuss a possible carcinogenic effect, as was discussed for various flavonoids before [62] , [63] , and question the usefulness of these substances in cancer therapy. Luteolin completely inhibited catalytic activity of isolated rat liver DNA topoisomerase I at a concentration of 40 µM, with an IC 50 of 5 µM [64] . Preincubation of enzyme with luteolin before adding a DNA substrate increases inhibition of catalytic activity (IC 50 =0.66 µM). Treatment of DNA with luteolin before addition of topoisomerase I reduces this inhibitory effect. Subsequent fluorescence tests show that luteolin not only interacts directly with the enzyme but also with the substrate DNA, and intercalates at a very high concentration (>250 µM) without binding to the minor groove. Inhibition of topoisomerase I by luteolin is due to stabilization of topoisomerase-I DNA-cleavable complexes [64] .
PI-3-Kinase / Akt regulation / MAPK / ERK / JNK
Ruiz et al. [65] showed that apigenin and luteolin selectively blocked Akt phosphorylation/activity in TNF-α induced murine non-carcinoma intestinal epithelial cell (IEC) line Mode-K with IC 50 of 20 µM; only luteolin at 100 µM caused long-lasting inhibition over 24 h, too.
Luteolin inhibited insulin-like growth factor -1 (IGF-1)-induced activation of IGF-1R and Akt in prostate cancer PC-3 and DU145 cells [36] . Inhibition of Akt appeared at luteolin concentrations of 10 µm, was almost complete at 40 µM, and resulted in decreased phosphorylation of its downstream targets. Luteolin also inhibited the IGF-1-induced activation of EGFR and MAPK/ERK signaling. Luteolin inhibited expression of cyclin D1 and increased expression of p21. As a result, luteolin suppressed proliferation and induced apoptosis in prostate cancer cells. Agullo et al. [66] determined an IC 50 of 8 µM for PI-3-K inhibition in vitro, which is lower than IC 50 of apigenin, quercetin, and fisetin, but higher than of myricetin (1.8 µM). Almost exactly the same value (8.65) µM was determined for the inhibition of PI-3-K p1 10β human recombinant subunit [67] . Luteolin caused downregulation of ERK and Akt in lung cancer cells [21] , and inhibited EGF induced EGFR phosphorylation by 47% in epithelial cancer cells at 20 µM [20] . Shi et al. [68] observed a significant increase of p53 protein level in three luteolin-treated cancer cell lines at 20 to 40 µM without increase of p53 mRNA level, indicating the possible effect of luteolin on p53 posttranscriptional regulation. They identified the critical role of c-Jun NH(2)-terminal kinase (JNK) in regulation of p53 protein stability: luteolin activates JNK, and JNK then stabilizes p53 via phosphorylation, leading to reduced ubiquitination and proteasomal degradation. In an in vivo nude mice xenograft model 40 mg/kg b.w. luteolin i.p., three times a week, enhanced the cancer therapeutic activity of cisplatin via p53 stabilization and accumulation; mean tumor weight after three weeks was reduced from 1.28 g to 0.46 g. Dose-dependent accumulation of p53 leading to apoptosis and cell cycle arrest after stimulation with luteolin (53 and 110 µM), apigenin and quercetin was also reported by Plaumann [24] for the nontumor mouse embryo fibroblast cell line C3H10T1/2CL8;the effects of luteolin and apigenin were long-lasting, while quercetin induced p53 accumulation only for 1-2 hours unless supplied continuously.
Overexpression of HER2/neu, a receptor of the EGFR family, confers resistance to various therapeutic regimens in breast cancer and correlates with a poor clinical prognosis. Chiang et al. [33] showed that luteolin is a potent stimulator of HER2/neu degradation. Luteolin 40 µM reduced levels of Her2/neu to 35 or 30% of control, depending on the cell line. Cell proliferation and induced apoptosis in HER2-overexpressing cancer cells were significantly reduced by 10 µM luteolin. Low doses of luteolin up-regulated p21 expression and high doses of luteolin down-regulated its expression. Akt/mammalian target of rapamycin (mTOR) signaling was only transiently inhibited by low doses of luteolin, which suggested that the inability to cause sustained Akt/mTOR inhibition may contribute to p21 induction and provide a survival advantage to HER2/neu-overexpressing cancer cells. Combined use of luteolin (5 to 10 µM) and mTOR inhibitor rapamycin (100 nM) prevented low doses of luteolin from inducing p21 expression, and HER2/neu-overexpressing cancer cells would be sensitized toward luteolin-induced apoptosis. Cell viability was reduced by 50%. In addition, p21 small interfering RNA also increased luteolin-induced cell death. In nude mice with xenografted SKOV3.ip1-induced tumors, luteolin significantly inhibited HER2/neu expression and tumor growth in a dose-dependent manner, and rapamycin further enhanced the effect of luteolin with concomitant p21 inhibition. These results reveal an intriguing finding that suppressing p21 expression might have therapeutic implications and further suggest that combination of mTOR inhibitors may be a promising strategy to help increase the efficacy of preventive or therapeutic compounds against HER2/neu-overexpressing tumors. However, this has to be verified under in vivo conditions.
Luteolin inhibited proliferation and induced apoptosis in the human prostate cancer cell line LNCaP, and less effectively in the cell lines PC-3 and DU-145. Luteolin simultaneously suppressed intracellular and secreted PSA levels and repressed androgen receptor and heat shock protein 90 expression [35] .
Han et al. [69] also found androgen receptor antagonism in luteolin and other flavonoids. Ethyl acetate extract from pollen of Brassica napus L. showed strong activity in decreasing the secretion of prostate specific antigen (PSA) in LNCaP cells as compared to two other extracts, measured by ELISA with finasteride as positive control. Naringenin; luteolin; kaempferol; kaempferol 3-(3-E-p-coumaroyl-α-L-rhamnopyranoside); and kaempferol 3-(2,3-di-E-p-coumaroyl-α-L-rhamno-pyranoside) were subsequently isolated from the active extract using bioassay-guided fractionation. All these compounds inhibited PSA secretion significantly, with IC 50 values in the range of 5-50 µM. Luteolin, kaempferol 3-(3-E-p-coumaroyl-α-L-rhamno-pyranoside) and kaempferol 3-(2,3-di-E-p-coumaroyl-α-L-rhamno-pyranoside (but not naringenin or kaempferol) showed moderate cytotoxicity to LNCaP cells within the active concentration range. Brassica napus L. has been used in China to treat benign prostatic hyperplasia (BPH) for over decades.
Mitochondrial activation of apoptosis
A decrease of anti-apoptotic proteins Bcl-2 and Bcl-XL was observed upon luteolin treatment in various cancer cell lines, as well as an increase of pro-apoptotic members of the Bcl-2 family, Bax and Bak, and their translocation to mitochondria [25] ; [70] ; [21] ; [71] ; [23] ; [34] . Mitochondrial membrane potential in HL-60 leukemia cells [70] and LLC lung carcinoma cells [21] decreased, and cytochrome C was released into cytosol in these studies, also reported for HepG hepatoma cells [71] . These events were associated with activation of caspase 9 and caspase 3, which was also found in malignant cells but not in normal human peripheral blood mononuclear cells (PBMC) [72] . In rat hepatoma H4IIE cells, Michels et al. [73] observed a 6-fold activity of caspase 9 starting after 6 h, while caspase 2 and 3/7 were activated after 12 h to a 4-fold activity level using a high concentration of 250 µM. After 24 h, also caspase 8 /10 were activated. Using relatively high concentrations of luteolin (100 to 250 µM, 24 h incubation), Michels observed oligonucleosomal DNA cleavage. Inactivation of the DNA repair enzyme poly (ADP-ribose) polymerase (PARP) and activation of DNA fragmentation factor DFF-45 were reported at a concentration of 60 µM [70] and 50 µM [26] .
Thus, the complete apoptotic process of the survival pathway (PI-3-K/Akt) and MAPK pathway including mitochondrial processes and activation of caspases and downstream enzymes was demonstrated after luteolin application to cancer cell lines or in biochemical assays.
Death receptor-induced apoptosis and cell cycle arrestment mechanisms
Horinaka et al. [72] found, that luteolin not only induced the mitochondrial pathway of apoptosis at a concentration of 5 to 40 µM, but also caspase 8/10 activation and death receptor (DR-5) expression in human malignant cells. Suppression of DR-5 expression with small interfering RNA (siRNA) efficiently reduced caspase activation and apoptosis induced by 20 µM luteolin. On the other hand, luteolin did neither induce DR-5 expression nor apoptosis in normal human PBMC. Further in vivo studies must prove whether the authors' conclusion is justified, that luteolin might be promising for cancer treatment.
Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is an important member of the TNF superfamily with great potential in cancer therapy. Pretreatment with a noncytotoxic concentration of 40 µM luteolin significantly sensitized TRAIL-induced apoptosis in both TRAIL sensitive (HeLa) and TRAIL resistant cancer cells (CNE1, HT29, and HepG2) through enhanced caspase 8 activation and caspase 3 maturation [74] . The protein level of X-linked inhibitor of apoptosis protein (XIAP) was markedly reduced in cells treated with luteolin and TRAIL, and ectopic expression of XIAP protected against cell death induced by luteolin and TRAIL, showing that luteolin sensitizes TRAIL induced apoptosis through down-regulation of XIAP. Luteolin and TRAIL promoted XIAP ubiquitination and proteasomal degradation. Protein kinase C (PKC) activation prevented cell death induced by luteolin and TRAIL via suppression of XIAP down-regulation. Moreover, luteolin inhibited PKC activity, and bisindolylmaleimide I, a general PKC inhibitor, simulated luteolin in sensitizing TRAIL induced apoptosis.
Selvendiran et al. [34] investigated the effect of luteolin on signal transducer and activator of transcription 3 (STAT3)/Fas signaling. A clear induction of apoptosis was found in luteolin-treated HLF hepatoma cells in a time-and dosage-dependent manner from 5 to 50 µM. In concert with caspase 8 activation by luteolin, an enhanced expression in functional Fas/CD95 was identified. Consistent with the increased Fas/CD95 expression, a drastic decrease in the Tyr(705) phosphorylation of STAT3, a known negative regulator of Fas/CD95 transcription, was found within 20 minutes in the luteolin-treated cells, leading to down-regulation in the target gene products of STAT3, such as cyclin D1, survivin, and vascular endothelial growth factor.
Lim et al. [23] examined luteolin mediated regulation of cell cycle progression and apoptosis in the HT-29 human colon cancer cell line. Luteolin decreased DNA synthesis and viable HT-29in a concentration-dependent manner from 20 µM to 60 µM. It inhibited cyclin-dependent kinase (CDK) 4 and 2 activity, resulting in G1 arrest with a concomitant decrease of phosphorylation of retinoblastoma protein. Activities of CDK4 and CDK2 decreased within 2 h after luteolin treatment, with a 38% decrease in CDK2 activity (P < 0.05) observed in cells treated with 40 µM luteolin. Luteolin (60 µM) inhibited CDK2 activity in a cell-free system, suggesting that it directly inhibits CDK2. Cyclin D1 levels decreased after luteolin treatment, although no changes in expression of cyclin A, cyclin E, CDK4 or CDK2 were detected. Luteolin also promoted G2/M arrest at 24 h post treatment by downregulating cyclin B1 expression and inhibiting cell division cycle (CDC) 2 activity. Luteolin decreased expression of p21 CIP1/WAF1 and survivin. These data demonstrate that the extrinsic pathway of apoptosis induction by luteolin is closely linked to inhibition of specific regulators of cell cycle progression.
Inhibition of fatty acid synthase (FASN)
Expression and activity of Fatty Acid Synthase (FASN; the sole enzyme capable of the reductive de novo synthesis of long-chain fatty acids from acetyl-CoA, malonyl-CoA, and nicotinamide adenine dinucleotide phosphate -NADPH-) are extremely low in nearly all nonmalignant adult tissues, whereas FASN is significantly up-regulated or activated in many cancer types. In vitro and in vivo studies have confirmed the potential of FASN as a target for anti-neoplastic intervention. FASN inhibitors such as the mycotoxin cerulenin, the cerulenin derivative C75, the β-lactone orlistat, the green tea polyphenol epigallocatechin-3-gallate (EGCG) and other naturally occurring flavonoids (i.e., luteolin, quercetin, and kaempferol), as well as the antibiotic triclosan, have been shown to limit cancer cell growth by inducing apoptotic cell death [75] .
Sensitization to chemotherapy
Interestingly, flavonoids may increase susceptibility of cancer cells to chemotherapy [76] . Overexpression of glutathione-conjugate transporting multidrug-resistance proteins (MRP) is supposed to counteract the effects of anti-carcinogenic drugs. A number of flavonoids inhibited MRP-1 in the human MCF7 breast cancer cell line effectively; a C2-C3 double-bond and 3',4'-dihydroxilation are structural requirements for strong inhibition. Luteolin had an IC 50 of only 0.8 µM and was the most effective flavonoid tested, followed by quercetin with 1.3 µM, concentrations which may be achieved by food supplementation as was shown for quercetin [77] .
Epidemiological evidence for health protective effects of dietary flavone intake
New instruments were developed during the last decades which now allow the estimation of total flavonoid contents in diets, and the most important flavonoid subclasses: the USDA database lists flavones, flavonols, flavanones, flavan-3-ols, anthocyanidins, as well as isoflavones and proanthocyanidins, and a number of important single components [78] . Investigations in different populations have revealed that mean total flavonoid intake is usually in the order of 100 -200 mg/d, flavonoles (with quercetin and kaempferol as main components) contribute 5 -20 mg/d, flavones only about 1 mg, often less; up to 90 % of the flavone fraction may be apigenin, leaving about 0.1 mg/d for luteolin. Considerable concentrations of luteolin are found in some spices like thyme, parsley, sage, and in wild carrots. Celery, spinach, some varieties of peppers and lettuce are our major nutritional luteolin sources. Expectations to find health effects of flavone (or even luteolin) intake by epidemiological correlations should be moderate. It is surprising, after all, that there are indeed some promising new data for these substances.
In four recent investigations, high flavone intake was always significantly correlated with a lower risk of breast cancer, while results for other flavonoid subclasses were inconsistent. No differentiation was made between the two major flavone components, apigenin and luteolin.
Bosetti et al. [79] compared 2,569 Italian women with incident, histologically confirmed breast cancer to 2,588 hospital controls. After allowance for major confounding factors and energy intake, a reduced risk of breast cancer was found for increasing intake of flavones (odds ratio (OR): 0.81, p = 0.02), and flavonols (OR: 0.80; p = 0.06). No significant association was found for other flavonoid subgroups. In a Greek case-control study Peterson et al. [80] compared 820 women with breast cancer to 1,548 control women and found a strong, statistically significant inverse association of breast cancer with flavones, but not other flavonoids; a difference in daily flavone intake of 0.5 mg corresponded to a 13 % lower risk. Fink et al. [81] While several investigations concerning laryngeal cancer, pharyngeal cancer, stomach cancer, colorectal cancer, prostate cancer or bladder cancer could not detect protective effects of flavones, there are also some significant correlations reported for colorectal cancer [83] and renal cell cancer [84] in Italy. Garcia-Closas et al. [85] could not find a correlation between luteolin intake and lung cancer risk; however, this case control study had only 103 cases and could neither confirm a protective effect of total flavonoids, which has been demonstrated consistently in six cohort and four case-control studies [86] . Gates et al. [87] analyzed the association between intake of 5 common dietary flavonoids and incidence of epithelial ovarian cancer among 66,940 women in the long time, prospective US Nurses' Health Study. They calculated each participant's intake of myricetin, kaempferol, quercetin, luteolin and apigenin from dietary data collected at multiple time points. The analysis included 347 cases diagnosed between 1984 and 2002, and 950,347 person-years of follow-up. There was no clear association between incidence of ovarian cancer and total intake of the five flavonoids examined, but a significant 40% decrease for kaempferol and a significant 34% decrease for luteolin (OR: 0.66 (0.49-0.91) p-trend = 0.01). If confirmed, these results would provide an important target for ovarian cancer prevention.
Conclusions
Luteolin can suppress proliferation of various kinds of tumor cells in vitro with IC 50 from about 3 to 50 µM, and inhibited tumor growth effectively in vivo when administered, e.g., in concentrations of 50 to 200 ppm in food [34] , intragastric application of 0.1 -0.3 mg/kg/d [37] or 5 to 10 mg/kg i.p. [36] ; [33] . Whether concentrations effective in these experiments can be reached by supplementation in humans has to be elucidated. Flavonoid pharmacokinetics is complex, since they are usually contained as glucosides in fruits and vegetables, cleaved and glucuronated during uptake. Glucuronides may be metabolized, or stored or set free as aglycones by tissue-specific glucuronidases; thus, plasma concentration may not always be a good measure of bioavailability.
The interaction of luteolin with carcinogenic mechanisms is complex and resembles EGCG, a green tea polyphenol, which also has multiple inhibitory effects on tumor induction and promotion, which are partly the same as with luteolin [11] . Figure 2 gives an overview of mechanisms by which luteolin modulates signal transduction pathways relevant for cancer development. Although luteolin does not have the pronounced pro-oxidative capacity of some flavonols like quercetin, which may be harmful as well as protective to biological structures depending on conditions, the generally positive safety profile of luteolin observed in pharmacological and toxicological investigations needs further clinical support before recommendations for dietary supplementation in very high amounts can be given. However, luteolin appears as a promising molecule for development of systemic as well as topical cancer treatments. Prospective clinical studies would be desirable, but are also difficult, expensive and long-lasting in the field of cancer. There is good epidemiological evidence suggesting that the flavone subclass of the flavonoids (apigenin and luteolin) contributes to the cancer-protective effect of fruits and vegetable food. However, a broader set of epidemiological data for flavones only exists with breast cancer. The differentiation between luteolin and apigenin needs further investigation. Epidemiological studies with even more refined analyses of flavonoid composition on one hand, and more in vivo studies of luteolin effects on the development of different cancer types on the other hand appear as the most promising fields for research in the near future.
